Quantum coherence is an important enabling feature underpinning quantum computation. However, because of couplings with its noisy surrounding environment, qubits suffer from the decoherence effects. The dynamical decoupling (DD) technique uses pulse-induced qubit flips to effectively mitigate couplings between qubits and environment. Optimal DD eliminates dephasing up to a given order with the minimum number of pulses. In this paper, we first introduce our recent work on prolonging electron spin coherence in γ-irradiated malonic acid crystals and analyze different decoherence mechanisms in this solid system. Then we focus on electron spin relaxation properties in another system, phosphorous-doped silicon (Si:P) crystals. These properties have been investigated by pulse electron paramagnetic resonance (EPR). We also investigate the performance of the dynamical decoupling technique on this system. Using 8-pulse periodic DD, the coherence time can be extended to 296 μs compared with 112 μs with one-pulse control.
Decoherence, i.e. loss of coherence, is one of the main obstacles in implementing large-scale quantum computation [1] . Various strategies have been proposed to suppress decoherence, including quantum error-correction [2-4], decoherence free subspace [5] [6] [7] and dynamical decoupling [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Dynamical decoupling (DD) can be traced to the spin-echo technique [21] in NMR. It uses stroboscopic qubit flips to modify system-environment interaction so that the effect is close to self-canceling. The periodic Carr-PurcellMeiboom-Gill sequence [22] employs a series of refocusing pulses to dynamically decouple the system from its noisy environment. Concentrated dynamical decoupling [10] can suppress decoherence up to arbitrary order by an exponentially increasing number of pulses. Because errors are inevitably introduced by the control pulses, it is desirable to minimize their number used to realize dynamical decoupling to within some given level of precision. Optimal DD *Corresponding author (email: djf@ustc.edu.cn) sequence was discovered by Uhrig to suppress pure dephasing of a single qubit coupled to a boson bath with a hard frequency cutoff [14] . This Uhrig dynamical decoupling (UDD) was later conjectured [15] and rigorously proved to be model-independent [16] . The first experimental study of UDD was conducted using trapped ions with ambient noise mimicked by modulating the controlling system [17] . In our recent experiment [23] , we demonstrated extended coherence of electron spins in a solid system, specifically, radial electron spins in γ-irradiated malonic acid crystals, with UDD from 50 K through to room temperature. This optimal dynamical decoupling can also be applied to other solid-state systems, such as diamond with nitrogenvacancy centers which have also been realized in recent works [18] [19] [20] . In this paper, we report on the investigations into relaxation properties of phosphorous-doped silicon crystals lauded as an attractive candidate for spin-based quantum computing. We also investigated the performance of periodic dynamical decoupling (PDD) in this system. The coherence time of the electron spin has been prolonged to 296 μs with 8-pulse PDD control from 112 μs with onepulse control.
The main idea of the dynamical decoupling technique is to eliminate the coupling between qubit and its noisy environment. Taking an electron spin as a qubit, the Hamiltonian which includes the qubit, the environment and the interaction between the qubit and its environment can be expressed as DD uses repetitive π-pulses to flip the spin qubits so that the random magnetic field felt by the qubits before and after the pulses cancel each other. UDD can suppress decoherence up to order N with a minimum number (N) of pulses. In the pure dephasing model, where the random field is along a fixed axis, say the z axis, the instants t j (j ∈ {1,2,···,N}) at which the N π-pulses are applied along a perpendicular axis are given by
where T is the period of the pulse sequence. For PDD the instants are t j =T(2j-1)/(2N ) [16] . The pulse sequences UDD1−UDD7 are shown in Figure 1 (c) as well as the PDD7 pulse sequence. The first π/2 pulse generates coherence while the following N π-pulses essentially preserve this coherence. An echo with area corresponding to the intensity of the coherence forms at time t. The decay of the echo signal with time t has been recorded and analyzed under different DD pulse controls.
Experiment

Dynamical decoupling in γ-irradiated malonic acid crystals
We present recent work on prolonging electron spin coherence in γ-irradiated malonic acid crystals by DD pulse sequences [23] . A unit cell of this single crystal is shown in Figure 1 (a). A hydrogen atom may be removed from the methylene (CH 2 ) group by γ-irradiation and a radical (-CH) may be created. To eliminate other kinds of radicals that are present, irradiated crystals are kept in an oven at 67°C for about 15 h. The spin-1/2 of the unpaired carbon valence electron is the object under consideration which is referred to as a qubit. The corresponding energy level diagram of this system is shown in Figure 1(b) ; the continuous wave (CW) spectrum is shown in Figure 1 (d). The resonance peak is split because of hyperfine coupling to the spin of the α-proton [24] , i.e. the hydrogen nucleus in the radical. The MHz with respect to the specified direction of the external field. Samples with three different concentrations were prepared. The number of electron spins contributing to the absorption line is proportional to the area of the absorption peak. The concentration of radical electron spins in the crystal is therefore determined by a comparison of the spectrum to that of a standard sample (TEMPO), under the same experimental conditions. The concentrations measured were 0.6, 8 and 32 ppm. To obtain different concentrations of radicals, the samples were prepared by irradiated at various dose rates and for various durations of time. For example, the 0.6 ppm sample was irradiated at a dose rate of about 2 Gy/min for 15 min. We address the ensembles of electron spins for the enhancement of the signal. In such ensembles, we can also investigate the decoherence caused by couplings between qubits that continues to be a pertinent issue in large-scale quantum computation. At the beginning of the experiment, a π/2-pulse about the x-axis was applied to the ensemble to generate coherence. Next, the N spin-flip pulses in either UDD or PDD sequences (see Figure 1 (c)) were applied to prolonging the electron spin coherence. At time t, a refocused echo will be generated. Phase cycling was applied to avoiding the unwanted echoes in the multi-pulse experiments. The coherence decay profile showed an initial exponential decay followed by a rapid super-exponential drop. We calculated the decay lifetime T 2 for the signal to drop 1/e of its initial value; this was obtained by extrapolation using exponential fitting to the initial decay data. 
Decoherence mechanisms in malonic acid single crystals
The following mechanisms are considered relevant to decoherence in electron spin systems in solids: (1) direct relaxation due to spontaneous emission of photons; (2) spin-lattice relaxation via phonon scattering and spin-orbit interaction; (3) hyperfine interaction with nuclear spins; (4) coupling between qubits; and (5) coupling to other impurity electron spins. By comparing our experimental results with theoretical calculations, we can obtain detailed analysis of all of these decoherence mechanisms in malonic acid single crystals.
We can estimate the rate of spontaneous emission of photons at high temperature by the Fermi Golden rule: Ωγ
where Ω≡γ e B 0 is the electron resonance frequency of about 10 GHz. Even if we consider the enhancement effect of the cavity, which has a Q factor of about 100, the spin relaxation rate due to direct photon emission is below 10 −4 s −1 at room temperature and can be neglected.
Experiments at various temperatures (Figure 3(a) ) singled out the effect of spin-lattice relaxation. Figure 3(a) displays the signals measured at 50, 100, 200 and 300 K after applying UDD5 on a single crystal sample of γ-irradiated malonic acid with concentration of 32 ppm. In our own experiments, thermal activation [25] was not resolved within decoherence-time. These small phonon scattering effects may be because of weak spin-orbit coupling in the carbon atoms. Thus, our experiments, performed at 50 K with 0.6 ppm radical concentration, would be similar if measured at room temperature. Cooling the single crystals was solely in aide to obtain strong signal intensity.
Hyperfine interactions with nuclear spins generate a random local magnetic field (the Overhauser field): More relevant is the dynamical fluctuation of the local Overhauser field generated by pairwise flip-flops of nuclear spins. The DD pulses applied in our experiment were mainly used to combat this decoherence mechanism; we verified that this scheme performed fairly well. In numerical simulations based on the microscopic theory developed to model such processes [26] , we included up to four spin clusters and 500 nuclear spins around a single radical.
The dynamical Overhauser field fluctuation can also be caused by random nuclear displacements relative to the electron spin, especially by nuclei near the radical. For example, the α-proton can hop between two locations where the C-H bond of the radical is tilted by ±12° away from the carbon plane. An accurate understanding of the dynamics of the conformation requires detailed knowledge of electron states and hopping process that are not available at present. However, we can estimate the decoherence caused by such a mechanism by introducing a phenomenological decay factor exp(-T/T 2 ′), where T 2 ′ = 30 μs in all experiments.
Coupling between electron spin qubits and other radical electron spins can also result in a random local field. The static inhomogeneous broadening field δB ee in our samples ranged from 0.001 to 0.05 G, which is far less than the Overhauser field broadening. This is not important in the CW EPR spectrum and FID. However, electron spins are all near resonance and are flipped together by the π-pulses. DD sequences cannot fully eliminate such interactions and δB ee will become important in echo signals. Thus, Figure 3(b) shows that after application of an UDD5 sequence, T 2 of the 32 ppm sample is much shorter than that for the 0.06 ppm sample, indicating that in high concentration samples, interactions between electron spins dominate the decoherence mechanism.
In Figure 3(c) and (d) , we see that if we consider only the dynamical fluctuation of the Overhauser field caused by pairwise flipping of nuclear spins, which are dominated by nuclear dipole interactions, we can maintain electron spin coherence for a rather long time. Over longer periods, decoherence is dominated by other mechanisms arising from electron-electron interactions and conformation-hopping; this can explain the overall non-exponential feature in the coherence decay.
Dynamical decoupling in phosphorous-doped silicon (Si:P)
Since Kane's original proposal [27] , Si:P single crystals have become a promising spin qubit system for its long coherence times [28] , the possibility of single-spin detection by electrical measurements [29] [30] [31] [32] , and mature material and fabrication technologies. The basic unit of the qubit ensemble in Si:P crystals consists of an unpaired electron spin along with a nuclear spin of 31 P. At low temperatures, the electron is bound to the phosphorus nucleus and there is an isotropic hyperfine coupling [33] between the electron and nuclear spin. The system's Hamiltonian can be expressed as process at these temperatures [34] . Our result is similar with a previous experimental observation [35] .
PDD pulse sequencing has been applied to testing the coherence persistence of the unpaired electron spin coherence at 10 K. The results of our experiments are shown in Figure 5 . Longer coherence times are achieved as pulse numbers increase. With a PDD1 sequence (i.e. the Hahn echo pulse sequence), the coherence time is about 112 μs. This is extended to 296 μs with PDD8 which is about 8300 times the signal lifetime of 36 ns in the absence of pulse control and 2.64 times of 112 μs with one-pulse control. Saturation in the coherence time has been observed while increasing PDD pulse numbers. A similar saturation has also been observed in our previous work [23] . The electron-electron spin dipole-dipole coupling contributes to this saturation.
Conclusion
We have given a brief review of our recent work in which we discussed the performance of dynamical decoupling pulses on γ-irradiated malonic acid crystals. Several decoherence mechanisms have been discussed and analyzed in this solid system. We then investigated Si : P crystals, which have different decoherence mechanisms. The times T 1 and T 2 were measured by pulse EPR spectrometer. We also performed the PDD pulse sequence on electron spins in Si : P and found that it can effectively prolong coherence times. The concentration of the electron spins of our sample is about 10 16 spins/cm −3 and the saturation of the coherence time with increasing PDD pulse number may be because of spin dipole-dipole coupling of the electron spins. Systems with low electron spin concentration will be of more interest for further research. The UDD pulse sequencing is a good method to understand decoherence mechanisms of this solid system; thus, it is worthwhile performing UDD on this system in future research. The echo decay dependence on the angle between the external magnetic field and the single crystal [36] is also worthwhile investigating. 
